ground phytomass [Donald and Hatnblin, 1976 ; Gif•brd and Evans, 1981; Hay, 1995] . Residual biomass expressed as a multiple of harvested yields can be obtained simply as a ratio of (1-HI)/HI, but this total will be somewhat larger than the commonly used residue/crop (R/C) ratios as the latter indices may not include plant stubble.
The standard practice is to quote the residue in terms of dry- I used FAO's crop production figures, standard values for water content of harvested parts, and fairly conservative R/C multipliers [Smil, 1994 . These calculations result in outputs of between 3.5 and 4.0 Pg yr -1 of crop residues during the mid-1990s; the most likely total of 3.75 Pg is about 1.4 times the aggregate crop harvest (Table 1) . Cereal straws, stalks, and leaves accounted for 2/3 of all residual phytomass, and sugar cane tops and leaves were the second largest contributor. Just over 60% of all residual phytomass were produced in low-income countries, and close to 45% of it were originated in the tropics. Substantial interspecific and intraspecific variations result in a rather broad range of N contents of cereal straws (0.4-1.3%, values around 0.6% are common); only leguminous straws are relatively N-rich. The total removed in residues amounted to about 25 Tg N yr -1 during the mid-1990s or 1/3 of the total taken up by crop biomass (Table 2) .
Quantification of annual harvests of forages grown on arable land (alfalfa, clovers, vetches, and various legume-grass mixtures) can be done only approximately. These crops include all-legume or legume-grass swards cultivated intermittently on arable land, either for direct foraging or, more often, for roughage feed (hay and silage), as well as a variety of green manures, i.e., leguminous species which are plowed under after 40-80 days of growth. FAO does not keep track of these crops, but there is no doubt that their worldwide extent has been declining: diffusion of intensive grain monocultures and wider use of synthetic fertilizers have been the main reasons for these reductions [Smil, 1993;  Wedin and Klopfenstein, 1995] .
I have consulted statistical or agricultural yearbooks for about 20 of the world's largest countries in order to derive the most likely range of the land under forages grown on cropland: between 100-120 Mha in the mid-1990s, with green manures accounting for no more than 20% of the total area. Fairly conservative assumptions about mean dry-matter harvests, 5 Mg ha -1 for alfalfa (planted on about 30% of cropland pastures) and 4 Mg ha -i for other leguminous and mixed legume-grass forages, result in the total yield of about 500 Tg containing 10 Tg N. This would increase the mid-1990s global dry-matter crop harvest to about 7 Pg yr -1, with about 85 Tg N yr -1 incorporated in this phytomass (Tables 1 and 2 ).
Nitrogen Inputs
A small part of harvested N returns to fields in planted seeds and tubers. All fields receive N in dry and wet deposition of airborne compounds and in recycled roots and stubble. Irrigated fields receive additional N, largely from nitrates dissolved in water. More intensive recycling of straws and stalks is common in many agroecosystems and in all regions, with mixed farming animal manures produced' in confinement also recycled.
Biofixation contributes relatively small amounts of N in dry fields planted to nonleguminous crops, but it is a major source of the nutrient in leguminous cultures and in rice fields. Although many fields, especially in Africa, have never received any inorganic fertilizer, synthetic N compounds are now the single largest input of the nutrient in the world's crop production.
Planted Seeds and Tubers
This is a minor input, which is fairly easy to quantify. Many agricultural data sources carry information on seeding rates, mostly in terms of mass units per area, sometimes as shares of harvested crops. Mean seeding rates for more than a dozen principal crops are listed in detailed food balance sheets prepared by the FAOSTAT Data and multiplied by respective planted areas tabulated in the FAOSTAT Data. In turn, these products were multiplied by average N contents of seeds and tubers used to calculate N incorporated in the global crop harvest (Table 2 ). This procedure resulted in an annual return of about 2 Tg N in seeds and tubers.
Atmospheric Deposition
Higher production of nitrates (generated mainly by oxidation derived by assuming that dry NH x deposition is equal to at least 1/3 of the wet flux and that dry NOy is equal to at least 3/4 of the wet input [Warneck, 1988] . The actual rates, particularly for dry NH x deposition, may be much higher [Sutton et al., 1993] .
These adjustments would result in total deposition of about 20 (18-22) Tg N on the world's agricultural land. As the total terrestrial deposition of NOy and NH x is now about 60 Tg N yr q [Galloway et al., 1995; Berner and Berner, 1996] , this would mean that at least 1/3 of all reactive N deposited on land settles on the farmland which accounts only for some 11% of ice-free surfaces. This higher level of enrichment is expected owing to a close proximity of agricultural regions and nonagricultural sources of NO x emissions (particularly in Europe, eastern North America, and east Asia) and to a large share of NO x emissions emanating from agricultural activities.
Irrigation Water
About 17% of the world's cropland (250 Mha) were irrigated in 1995, with nearly 2/3 of the global total in Asia (FAOSTAT Data). Irrigation waters always contain some N, and its concentrations are relatively high (more than 5 mg N k g q ) in all intensively cultivated regions (where the leaching of N from fertilizers and animal wastes are the main sources) as well as in densely populated and heavily industrialized areas (where human wastes and industrial pollutants are the main contributors).
Annual inputs of the nutrient in irrigation water may be higher than 20 kg N ha q in double-cropped rice [ Wetselaar et al., 1981 ], or they may be below 5 kg N ha -l in those predominantly rain-fed crops that receive only some supplementary irrigation. With average water applications of at least 9000-10,000 m 3 ha q [Shiklomanov, 1993; Postel et al., 1996] and with N concentrations mostly between 1-2 mg N kg-l, the annual global inputs of the nutrient would be about 4 (3-5) Tg N.
Recycling of Crop Residues
Recycling of crop re sidues, directly by leaving them after the harvest to decay on field surfaces or by incorporating them into soil by ploughing, discing, or chiselling, and indirectly by using them in mulches and composts or returning them to fields in animal wastes, has been practiced vigorously by every traditional agriculture, and it remains an essential part of modern field management . Besides the nutrient recycling, protection against water and wind erosion, enhanced water storage capacity of soils, and their enrichment with organic matter are other principal benefits [Barreveld, 1989] .
Crop residues have many competing uses: They have been an important source of household fuel and building material in many low-income countries; they provide indispensable bedding and feed for animals, particularly ruminants, of all continents; they offer an excellent substrate for cultivation of mushrooms; and they have been used for making paper and as feedstocks for extracting organic compounds. Unfortunately, a significant share of crop residues is still burnt in fields, an agronomically undesirable practice which also generates greenhouse, and other trace, gases [Andreae, 1991 ] Complete recycling of bean plant residues will thus transfer most of the fixed N for eventual use by subsequent crops; however, soybeans, although they are much more prolific N fixers than beans, may not be able to provide all of the needed nutrients, and the crop will have to claim considerable amounts of soil N [Heichel , 1987] .
Estimating biofixation by leguminous cover crops is a much greater challenge. As already noted, forages and green manures occupy 100-120 Multiplying conservative means of N recovery rates for major crop categories, 35% for rice and for rainfed crops grown in drier High C/N ratios of most crop residues, commonly above 50 and as high as 150, are particularly conducive to rapid 1N immobilization. Some residual 1N will be bound in persistent humus compounds and be unavailable to plants for decades or centuries. How fast the short-lived fraction will cycle depends on the activity of microbial decomposers (which is highly temperature-and moisture-dependent) and on the availability of other sources of N. 
Nitrogen Losses

Gains or Losses
Nitrogen Flows in Food Production
My calculations show that almost half of all N received annually by the world's croplands (46%, range 43-50%) comes from synthetic fertilizers. This high dependence is irreversible, and it is bound to increase even if the global population, as some forecasts suggest [UNO, 1998 ], were to stabilize at a relatively low level (less than 10 billion people) during the next two to three generations. While there are many energy sources that can replace fossil fuels, whose combustion is the main cause of human alteration of carbon cycle, there appears to be no imminent alternatives to our high, and increasing, reliance on the nitrogen fixed by the Haber-Bosch process [Smil, 1991 ] 
